Abstract We explored whether age and body mass index (BMI) can help identify a subset of individuals who are at high risk for accelerated knee osteoarthritis (AKOA) compared with common knee osteoarthritis (KOA). In the Osteoarthritis Initiative, a multicenter observational cohort study of KOA (n = 4796), we studied participants without KOA at baseline (Kellgren-Lawrence (KL) <2). Participants could have one of three outcomes: (1) AKOA, ≥1 knee progressed to end-stage KOA within 48 months; (2) common KOA, ≥1 knee increased in radiographic scoring within 48 months (excluding those with AKOA); and (3) no KOA, no change in KL grade in either knee. After verifying an interaction between age, BMI, and recent knee injury, we determined if we could identify a specific subset of individuals at high risk for AKOA instead of KOA. First, we reviewed three-dimensional graphs with age, BMI, and probability of AKOA versus KOA on the axes. We then conducted a logistic regression with AKOA as the outcome and age-BMI groups as the predictor. In our main analyses, we found that older individuals with a BMI <35 kg/m 2 were more likely to develop AKOA than common KOA (n = 64; mean [SD] BMI = 27.3 [3.1] kg/m 2 ; odds ratio = 3.47, 95 % confidence interval = 1.70 to 7.10), especially if they had a recent knee injury. While older age and greater BMI are independently associated with AKOA, we found that older individuals who had a higher BMI, particularly if they have an injury, were more likely to develop AKOA than common KOA.
Introduction
Knee osteoarthritis (KOA) is typically a slowly progressive disorder; however, a subset of knees progress with dramatic rapidity (e.g., from normal appearance to end-stage disease within 4 years). Three to four percent of individuals in the Osteoarthritis Initiative (OAI) without radiographic KOA at baseline develop accelerated KOA (AKOA) in the first 4 years of the study [1] . Among knees with AKOA, approximately 65 % progress in less than 12 months from no radiographic KOA (Kellgren-Lawrence (KL) grade = 0 or 1) to advanced KOA (KL 3 or 4), which was defined by the development of a definite osteophyte and joint space narrowing. Individuals with AKOA report greater knee symptoms and functional disability than individuals with common KOA [2] . Greater age, higher body mass index (BMI), and new knee injuries were key risk factors for AKOA [1] . However, age, BMI, and knee injury are also risk factors for KOA in general. To identify who is at risk for AKOA, it is vital to determine if a specific subset of individuals is more likely to develop AKOA instead of the more common KOA that develops gradually.
Therefore, we explored age and BMI to identify a subset of individuals who are at higher risk for AKOA compared with common KOA. As a preliminary first step, we tested whether there was an interaction between age, BMI, and knee injury. These findings may help us identify a subset of individuals at most risk for AKOA and lead to more rigorous monitoring of these populations.
Materials and methods
We used data from the OAI, which is a multicenter observational cohort study of KOA that collected longitudinal clinical and image data [3] annually from 4796 participants over a 4-year follow-up period [4] . Institutional review boards at each OAI clinical site and the coordinating center approved the OAI study, and all participants provided informed consent.
Participant selection
Among participants without baseline radiographic KOA (KL grade <2) in either knee, we evaluated three groups: (1) AKOA, at least one knee progressed to advanced-stage KOA (KL grade 3 or 4) within 48 months; (2) common KOA, at least one knee increased in radiographic scoring within 48 months (excluding those defined as AKOA); and (3) no KOA, no change in KL grade in either knee between baseline and 48-month follow-up. More details on this study sample are published elsewhere [1] .
Knee radiographs
Study staff obtained weight-bearing, bilateral, fixed-flexion, posterior-anterior knee radiographs at baseline and the annual OAI visits. Central readers, who were blinded to sequence of follow-up radiographs, scored paired images for KL grades. The agreement for these readings (read-reread) was good (weighted kappa = 0.70 to 0.78). These data are publicly available (Files: kXR_SQ_BU##_SAS; version 0.6, 1.6, 3.5, 5.5, and 6.3)) [4] .
Clinical data
Demographic, anthropometric, and other participant characteristics, which we selected a priori as potential risk factors or covariates, were acquired based on a standard protocol [4] . We extracted several key baseline variables: age, BMI, sex, blood pressure, and knee alignment [1] . Baseline knee alignment was based on a goniometric measurement while the participant stood [4] . Normal alignment was defined as 0°, and any deviation was defined as varus or valgus malalignment.
Self-reported knee injury
At each annual visit, participants were asked BSince your last annual visit to the OAI clinic about 12 months ago, have you injured your right knee badly enough to limit your ability to walk for at least two days?^A similar question was asked for the left knee. Among individuals with accelerated or common KOA, we focused on injuries to the knee that progressed. Among individuals with no KOA, we evaluated if the participant had a knee injury to either knee. Based on prior work [1] , we focused on injuries within 1 year of the study outcome. We defined the study outcome visit for each group as follows: (1) AKOA, the first visit with a KL grade of 3 or 4; (2) common KOA, the first visit with an increase in KL grade; and (3) no KOA, the 48-month OAI visit (see Fig. 1 ).
Statistical analyses
Before exploring cutoffs for age and BMI, we first tested whether there was an interaction between age, BMI, and recent knee injury. We used a multinomial logistic regression to determine if the outcome of accelerated or common KOA was associated with eight groups, which we defined based on a combination of age, body mass index, and injury: (1) normal weight (BMI <25 kg/m 2 ), younger (45-64 years), without recent knee injury; (2) normal weight, younger, with recent knee injury; (3) normal weight, older (≥65 years), without recent knee injury; (4) normal weight, older, with recent knee injury; (5) overweight (BMI ≥25 kg/m 2 ), younger, without recent knee injury; (6) overweight, younger, with recent knee injury; (7) overweight, older, without recent knee injury; and (8) overweight, older, with recent injury. The reference group was younger participants with normal weight and without a recent knee injury. The reference outcome was no KOA. The regression was adjusted for sex, baseline presence of static knee malalignment, and systolic blood pressure. We selected these variables because they differed at baseline among the individuals with AKOA, common KOA, versus no KOA [1] .
We reviewed three-dimensional surface and contour graphs with age (continuous), BMI (continuous), and probability of AKOA versus common KOA on the axes to identify groups that have the highest probability of AKOA compared with common KOA (see Fig. 2a ). We also explored surface and contour graphs with age and BMI categorized by standardized cutoffs (age in 5-year intervals, BMI in 2.5-kg/m 2 intervals, Fig. 2b ). These graphs were reviewed in all individuals who develop AKOA or common KOA and in those with or without a knee injury. We omitted the group with no KOA because we thought it was relevant to identify a subset of individuals that was more likely to develop AKOA than more gradual KOA progression. After we identified two possible subsets (red boxes in Fig. 2b ) as high risk, we conducted a logistic regression with AKOA as the outcome and age-BMI groups as the predictor (adjusting for sex and recent knee injury). We also explored stratified analyses among those with and without a recent knee injury. All analyses and plots were completed in SAS 9.3 (Cary, NC, USA).
Results
We previously described the baseline characteristics of OAI participants with no KOA (n = 1325), common KOA (n = 187), and AKOA (n = 54) [1] . Overall, 58 % were female and 74 % had static knee malalignment (varus or valgus). Table 1 provides the distribution of individuals by age-BMIinjury group among those with accelerated, common, or no KOA. The interaction of BMI, age, and knee injury by the outcome of OA status was highly significant (p < 0.0001). Four groups were more likely to experience AKOA instead of no KOA compared with normal weight, younger individuals without a recent knee injury: (1) normal weight, older, with recent knee injury (odds ratio (OR) = 76.0; n = 8); (2) overweight, older, with a recent knee injury (OR = 25.9; n = 15); (3) overweight, younger, with a recent knee injury (OR = 22.8; n = 39); and (4) overweight, older, without a recent knee injury (OR = 4.5; n = 299; see Table 1 ).
Primary results
After verifying that there was an interaction between age, BMI, and recent knee injury, we tested if there was a subset of individuals that was more likely to develop AKOA than common KOA (see Figs. 2a, b) . We identified two high-risk sets of individuals: (1) Fig. 2b ). Among the 64 individuals >65 years of age with BMI <35 kg/m 2 , only 17 (27 %) were considered normal weight (BMI <25 kg/m 2 ) in our initial analyses. We defined all other participants as low risk. Overall, older individuals with a BMI <35 kg/m 2 were almost 3.5 times more likely to develop AKOA instead of common KOA than individuals at low risk (Table 2 ). In contrast, the 43 younger individuals with a BMI >32.5 kg/m 2 were not statistically more likely to develop AKOA instead of common KOA (Table 2 ). These findings were consistent among those with and without a recent knee injury; however, we found the largest odds ratios among older individuals with a BMI <35 kg/m 2 and an injury (n = 9; Table 2 ).
Discussion
We found that older individuals with a BMI <35 kg/m 2 , especially if they had a recent knee injury, were more likely to develop AKOA than common KOA. In contrast, younger Overweight-older-injury (n = 15) 11 (0.8 %) 0 (0 %) 4 (7.4 %) n/a 25.9 (5.6, 119.9) Missing data 3 (0.2 %) 3 (1.6 %) 2 (3.7 %)
Injuries were within 1 year of the study outcome (recent new knee injury). Models adjusted for sex, blood pressure, and malalignment at baseline. Percentages are reported by column (within no KOA, common KOA, and accelerated KOA) KOA knee osteoarthritis, normal weight body mass index <25 kg/m 2 ), young age 45-64 years individuals with BMI >32.5 kg/m 2 were not more likely to develop AKOA than common KOA.
While it may seem paradoxical that older individuals with a BMI <35 kg/m 2 had the highest odds of developing AKOA instead of common KOA, it is noteworthy that younger individuals with a high BMI had a large incidence of both common KOA and AKOA. Hence, in this subset, we could not determine who would develop AKOA instead of more gradual KOA progression.
It is also important to consider the two other risk factors among older individuals with a BMI <35 kg/m 2 . First, seven (29 %) of the 24 older individuals with a lower BMI who develop AKOA had a knee injury, compared with only two (5 %) out of 40 that developed common KOA (Table 2) . Secondly, 73 % of older individuals with a BMI <35 kg/m 2 were overweight (≥25 kg/m 2 ). Therefore, this high-risk group had a high prevalence of other risk factors: recent knee injuries and being overweight.
Knee injuries disrupt biomechanics and structural integrity of a knee and represent a key risk factor of KOA and AKOA [1] . Knee injuries may be particularly devastating to joint health among older and/or overweight individuals. Our findings support evidence that anterior cruciate ligament transection in older rats lead to an accelerated onset of cartilage damage compared with younger rats [5] . Furthermore, a high-fat diet, which is associated with being overweight, may lead to a quicker onset of cartilage damage, synovitis, and possibly osteophytes among mice with induced meniscal pathology [6, 7] . The faster onset of pathologic changes was independent of body weight [6, 7] . This may indicate that other factors influence the accelerated changes, such as elevated inflammation [8] [9] [10] [11] [12] [13] or glucose homeostasis [10, [14] [15] [16] . Future studies should further explore mediators that may explain how age and high BMI influence the onset of AKOA.
We acknowledge that these are exploratory analyses that have two key limitations: limited sample size and use of selfreported injury data. In the main analyses, only 64 individuals were older with a BMI <35 kg/m 2 and 34 adults were younger with a BMI ≥32.5 kg/m 2 . The sample sizes were even smaller among groups in our preliminary analyses and secondary analyses, where we accounted for the status of recent knee injury. We pursued these analyses, despite the limited sample size, because we believe it was extremely important to understand if there may be an interaction between age, BMI, and recent knee injury and if we could identify a subset of individuals who were more likely to develop AKOA instead of common KOA. While we pay a lot of attention to injuries in young physically active patients, findings in this study remind us that we must also carefully monitor older and overweight patients who report a recent knee injury. Unfortunately, we were limited to using self-reported injury data. It will be important for future studies to clarify what injuries are occurring in these different subsamples and to determine which injuries increase the risk of AKOA.
While older age and greater BMI are independently associated with accelerated KOA, we found that older individuals who had a higher BMI were more likely to develop AKOA than common KOA. We should be especially concerned when older individuals report a history of a recent knee injury. These patients may need to be closely monitored for at least the next 12 months to monitor for the onset of accelerated KOA. Hopefully, future studies will enable us to better understand why these individuals are at risk for accelerated KOA so that we can optimize our therapeutic approach. Note: The model with all participants was adjusted for sex and injury. The models among those with and without an injury were adjusted for sex. The cutoff for age was 65 years. Italic font = significant odds ratios. Percentages are reported by column (within common KOA and accelerated KOA)
